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Abstract
A new method of image reconstruction is described which allows enhanced resolution images
to be produced from gridded C-band ERS-1 AMI scatterometer data. Resulting images are
weekly averages which improve the nominal resolutio~ of 50 km tb an enhanced resolution of
approximately 14 km. Time-integrated images are maps of the mean radar backscatter
co-efficient normalised to 40° degrees incidence. Such medium-scale images are derived for
application to mapping the ~ynamloe of the Sotihern Ooean sea-ice cover. These all-weather
day and night images may be derived in regions of the globe from AMI scatterometer mode
data where higher resolution (25 m) AMI SAR image data are unavailable due to the lack of a
local SAR receiving station or during periods when the receiving station is closed. Results
demonstrate that this enhanoed resolution imaging technique applied to the AM I scatterometer
mode of the AMI complements and considerably enhances the lower frequency temporal and
spatial coverage of high resolution SAR images in the Antarctic.

Introduction

To date the principal focus for measurements in the Scatterometer mode of the ERS-1 Active

Microwave Instrument has been the estimation of ocean surface wind vectors. Although such

low bit rate data are acquired continuously when the Synthetic Aperture Radar (SAR) imaging

mode is not being used, this information has barely been exploited outside the traditional

scope of wind speed and direction measurement. Further applications are limited largely

because of the preference towards the higher resolution which the AMI SAR mode and other

sources of data offer.

The extensive coverage of the ERS-1 sca~erometer is particularly valuable due to the lack of

data reception in the AMI SAR mode when no receiving station is available. This is especially

true in the Arctic and Antarctic, where portions of the northern and southern hemisphere sea-

ice covers are currently not imaged by SAR. In the case of the Antarctic it is presently

impossible to obtain microwave image information on the extent and characteristics of the
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Southern Ocean sea ice at times when the Bernardo O’Higgins and Syowa SAR receiving

stations are not operating. Similarly, a large portion of the Southern Ocean sea-ice cover is

not imaged in the Pacific sector owing to the lack of a SAR receiving station in this locality.

Operationally, it is not possible to obtain enough SAR images in a short enough time span to

be able to effectively map sea-ice conditions. In this paper we propose a method using data

acquired using the alternative scatterometer mode of the AMI instrument on board ERS-1 for

mapping sea-ice characteristics over the whole Southern Oceans sea-ice cover. This method

allows construction of relatively higher resolution scatterometer images from the backscatter

data and, by virtue of the wider swath and larger coverage of the scatterometer mode data,

allows mapping of the entire sea-ice cover in the space of one week. The result is a weekly

average sea ice picture, for comparison with the SSM/1passive microwave sea-ice products,

which can be used to track regional-scale spatial and temporal changes in the sea ice cover

around the entire Antarctic coast. Since the spatial resolution is a factor of 2 or more higher

than passive microwave data, this approach also allows features and mean large-scale sea-ice

dynamics to be more effectively tracked. Multiple azimuth and incidence angle scatterometer

measurements aid in simple ice boundary identification (Lecomte et al., 1993) and also ice

properties discrimination (Drinkwater, 1989).

Fiiiing the Gaps

One of the priorities for scientific studies of polar ice and snow is high spatial and temporal

coverage. The exploitation of SAR data, particularly in studies related to the mapping and

monitoring of the sea ice cover, has been one of the main driving forces behind inclusion of

that instrument on board ERS-1 (Bruzzi, 1991). A iarge number of sea-ice studies are currently

being performed using the SAR data received at a number of northern hemisphere ground

stations (such as Fairbanks, Alaska and Kiruna, Sweden). These SAR receiving stations

enable the majority of the northern hemisphere sea-ice cover to be mapped using the SAR.

However, significant volumes of data are required to map the complete Arctic with a frequent

(weekly) interval, and such a monitoring goal is currently beyond the resources of on-off time

allocated to this high power, high-bit-rate instrument. Correspondingly less coverage is

possible for the more extensive sea-ice cover around Antarctica. The extent of the two

receiving masks of the currently operable German and Japanese Antarctic receiving stations,

and the operating times during which these stations can receive data, are presently limited.

The result is a high resolution SAR image database which is at best discontinuous in space

and time.

A key advantage of the ERS-1 Scatterometer mode (EScat) of the AMI instrument is that it
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operates whenever the AMI SAR is switched off and it retrieves information from the Antarctic

sea-ice cover without the necessity of a direct downlink receiving station. The wider EScat

swath also provides more frequent, multiple-incidence angle coverage in a given location. This

low bit rate (LBR) data source is essential to filling in the gaps in both space and time for the

Antarctic ice cover. Until now, the intrinsic low resolution of the EScat data is the main reason

why they have not been used in such applications. Nevertheless, the approach described

below introduces a technique which can produce weekly maps of the entire Southern Ocean

sea-ice cover at a resolution higher than present alternatives such as the SSM/1passive

microwave radiometers. Resulting backscatter images are based on multiple azimuth and

incidence angle observations which are also helpful in ice characteristics discrimination, and

the separation of ice from ocean.

High Resolution Scatterometer Imaging

Traditionally spaceborne scatterometers have been low resolution radars designed to measure

winds over the ocean. This trend began with the successful but short-lived Seasat-A satellite

scatterometer (SASS). Improved resolution would enhance the utility of the scatterometer data

for ice and land studies. Here we introduce a method for obtaining enhanced resolution images

of normalised radar backscatter in the ERS-1 scatterometer (EScat) mode of the Active

Microwave Instrument (AMI). While this technique has been developed using Seasat

scatterometer (SASS) data (Long et al., 1993), it is also applicable to the ERS-1 instrument

data. The approach is based upon the spatial overlap achieved by the instrument over a period

of time (multiple orbits), generating higher resolution images than the original resolution of 50

km.

ERS-1 A Ml scatte rometer d~

The EScat makes 5.3 GHz (C-band) measurements of linear vertically (w) co-polarized

backscatter (d) on ascending and descending orbits at various azimuth (from mid, fore and aft

beams) and incidence angles. The location of instantaneous measurement cells is determined

in the across-track direction by gating the received echo and in the along-track direction by

timing of transmit pulses. Cross-track resolution is obtained by a combination of the narrow-

beam pattern, the antenna illumination pattern azimuth angle geometry, and the range-gating.

Along track resolution is determined by the combination of a narrow antenna pattern, the

accuracy of transmit pulse timing and the integration and averaging of successive along-track

echoes. The resulting resolution is nominally 50 km.

A series of pulses are integrated and spatially filtered to yield the 50 km resolution@

measurements on a 25 km grid. As each beam successively sweeps over a given grid cell
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node location, the overlapping integration measurement cell measurements from each of the

three antennae are recorded for that grid location. Using this measurement and gndding

approach, the locational accuracy (along and across track) of each cell measurement is around
*5 km. However, the number and relative positions of the pulses integrated into the d

measurement is variable. Every few orbits, the spacecraft will pass over this region again on

either an ascending or descending ground track. This results in crossing measurement swaths

with multiple overlapping measurements. During the 35-day repeat (phase C) orbit cycle, the

orbit precession shifts the pattern of measurements meridionally, effectively providing

coverage of the entire earth’s sudace. In general, a given area at high latitudes is generally

observed several times each day with varying azimuth and incidence angle.

Sea-ice backscatter is a function of the measurement incidence angle, O and geophysical

properties of the ice (Drinkwater, 1989). The dependence of @ on 8 can be expressed as

aO(e)=czg[&(e)]B (1)

with

a. = , 01/10 (2)

PO (e)= 1()(40-0)/10 . (3)

In the incidence angle range 18°<0<59°, corresponding to EScat measurements, o“ (in dB) is

approximately a linear function of e (Livingstone and Drinkwater, 1991)

&(8)= A+ B(&--40°) (4)

where the coefficients A and B depend on surface characteristics, and azimuth angle ($). A is

the 40° incidence angle-normalized d, while B describes the dependence of 00 on (3. Due to

the wide range in 0, we will use A and B in the following discussion rather than d. In Eq. (1),

40° represents the mean (3of the observations and is thus a convenient angle for making

comparative data analyses.

Over sea ice, CJOis not significantly affected by the azimuth angle $ of the observations.

Livingstone and Drinkwater (1991) observe typically less 1.0 dB azimuthal modulation (about

the mean) when examining C-band sea-ice @ over a 360° range in $. For a ghien sea-ice

area, SASS measurements also show negligible azimuthal modulation in 00. Lecomte et al.

(1993) utilise this finding in their derivation of a measure of the azimuthal isotropy of the

backscatter from fore and aft beam measurements. Practical use of such a measure has
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shown some value in the recognition and discrimination of the sea ice margin from the open

ocean. Typically the open ocean illustrates the condition of azimuthal anisotropy owing to the

fact that wind-generated ripples are aligned with the direction of the wind. In subsequent

processing, @ was therefore assumed to have no azimuth-angle modulation. Ignoring such

modulation is recognized as a limitation or drawback in this current wok, as open water or low

ice concentration areas may be present within the pack where wind-generated capillary waves
then result in widely varying @ between each of the three beams. With respect to the

polarization of the data used in this study, the EScat retrieved d data at a fixed (linear) vertical

transmit and receive polarization (w-pol). This is in contrast to the SASS instrument which was

capable of measurements at two like polarizations (VV-and hh-pol). Because of this difference,

for the purpose of SASS and EScat data comparisons we limit graphical presentation of results

tow polarization only.

The resoIution enha cement andn imaae reconstruct ion tec hnique

A recently developed technique for enhancing the resolution of scatterometer data can be used

to create images of A at finer resolutions than the intrinsic 50 km resolution of scatterometer

data. The complete scatterometer image reconstruction algorithm with filtering (SIRF) is

described in greater detail by Long et al. (1993). This technique utilises multiple, overlapping

measurements of@ and post-processing to improve the resolution. SIRF provides images of A

and Elwith a resolution of up to 4-5 km from originally 50 km resolution SASS data (Long et

al, 1993; Long and Hardin, 1993). The resolution enhancement for EScat is somewhat less

than for SASS data (see comments on the restrictions and trade-offs in resolution below).

The SIRF approach is based upon first an enhanced resolution model for creating images of A

and B, and second a reconstructive technique optimised for noisy scatterometer

measurements. Both components take advantage of spatial overlap in the measurements
made at different times with different beams. Broadly, the enhanced resolution d model

utilises a small-scale rectilinear grid of resolution elements on the earth’s surface of size SCx

S~in the cross-track (c) and along-track (a) dimensions. As the fore, mid and aft beams

successively sweep over the grid; the overlapping integration measurement cell measurements

of each of the three antennae are superimposed upon the grid elements (see Long et al.,
1993). The estimated value of backscatter &nofor the n th measurement is then a weighted

average of the @values of the individual resolution elements covered by the integration

measurement cell;
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6: = f fh(c,a;n)aj(c’a) ~o(O~)]~tc’a).
c.Ln a=Bn

(5)

Summation limits are defined by a rectangle bounding the n th CPmeasurement cell which has
top and bottom limits T. and B.; and left and right limitsLn and R.. In the first term of (5) the

weighting function h(c,a;n) is the effective instrument measurement response (where 0< hs 1);

while in the second term the incidence angle dependence of ~n” is expressed in terms of PO,

from (3).

Since actual scatterometer measurements are noisy, the technique is extended to include its

effect. A modified, multivariate multiplicative algebraic reconstruction technique (MART) is

applied in the determination of the high resolution estimates of A(c,a) and B(c, a). The result is

enhanced resolution images of A and B where each grid resolution element becomes a pixel in

the reconstructed image.

e-offs

In this study the resulting image pixel resolution is chosen to be 0.33° x 0.125° (i.e. 3 pixels per

deg. longitude by 8 pixels per deg. latitude) or approximately N 12.5x 13.9 km at a latitude of

70° S. This resolution enhancement from 50 km to -14 km is not without cost since, for

instance, variance in the A or Elimages increases as resolution is increased. A tradeoff is

made between the resolution and the noise level with multiple passes over the target required

to obtain sufficient measurement overlap for the reconstruction algorithm to yield an

improvement in resolution. The absolute resolution improvement depends on the total number

of measurements, with greater numbers contributing to a reduced estimate of noise and/or

improved resolution. However, during the “imaging time interval” the radar and surface

characteristics must remain constant between passes. Some tradeoff must therefore be made

between imaging time interval and resolution, due to temporal change. Additional
requirements are imposed and additional assumptions made regarding the cio measurements:

(i) Instrument calibration must remain stable over the data acquisition interval.

(ii) @is assumed independent of the azimuth angle of the measurement.

(iii) Surface topographic effects on the image reconstruction process are assumed
negligible for sea ice. Thus surface slope modification of the local incidence angle and
modelling of its influence upon estimation of A and B is ignored.

(iv) A and B are assumed to remain constant over the imaging time interval. For a
sufficiently short interval this assumption is justified. However, the interval must be
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several days to a week in order to obtain the measurement overlap required for the
highest possible resolution with full coverage of Antarctica.

Large long-term seasonal changes are observed in A and Bin sea ice regions over a full ice
growth year in the Southern Ocean. In contrast, however, the large-scale relative change in@

over 1 to 2 weeks is relatively small and so we restrict the imaging interval to 1 week. A seven

day imaging time interval obtains the best trade-off between coverage and resolution.

Resulting images reflect the average or ‘filtered’ sea-ice backscatter response during this

imaging time period. Variations in @ during each 1 week interval are treated as noise by the

image reconstruction algorithm. Short-term variability observed on timescales of one to five

days caused by ice motion, melting and refreezing, or precipitation events is averaged out.

Thus the effects of high frequency changes in the backscatter, consistent with passing storms

and moving low-pressure systems, are not evident in the images displayed here. These effects

are effectively removed in the high-resolution data with the result that only the longer timescale

changes due to the large-scale sea ice dynamics remain in the weekly image variations.

A major drawback of this approach is the assumption that sea ice motion and decorrelation of

gndded backscatter (due to motion effects) is not an important effect in terms of image

reconstruction. While this assumption is recognised to be a limitation of results presented in

this study, these effects are currently under further investigation. Measurements of sea-ice floe

drift rates in the western Weddell Sea by Argos buoys and a drifting ice station (see Fig. 9),

however, indicate typical mean drift speeds of around 10+7 km/d or the equivalent of 70 + 49

km/week. Such motion is the equivalent of -5 i- 3 pixel gridding error in the reconstructed

weekly images and this effect smoothes any remaining high frequency pixel variability in the

final images.

Unfortunately, EScat provides limited time-of-day diversity, with measurements restricted to

two local imaging times which vary with location. Seasat SASS studies of d as a function of

time-of-day in several regions over the Greenland ice sheet (Long and Dnnkwater, 1994)

indicated no significant diurnal effects upon the reconstructed images. This is probably due to

insufficient time-of-day diversity in the data and so diurnal variations are not considered here.

Detailed studies using synthetic images (Long et al., 1993) and SASS data from the tropical

rain forests (Long and Hardin, 1993) show that the resulting error in estimating A are generally

less than 1 dB. To reduce errors as far as possible, measurements with excessive noise (i.e.,

those with normalized standard deviations greater than 15 ?(o), are not used in the imaging

process. Data from orbits with large spacecraft attitude errors are also rejected. Long et al.
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(1993) give a further discussion of data anomalies and error filtering used in the SIRF

algorithm.

Thus, for EScat the effective resolution enhancement is dependent on the spatial overlap of

the measurements from different passes, the response of the spatial filter applied to the

original pulse measurements, and the spatial accuracy of the gndded scatterometer data. Note

that the actual amount of data and the data overlap are dependent on the switching on and off

of the AMI modes. Using SASS data, a resolution enhancement of 8-10 times (6 km) was

achieved. In contrast a reduced resolution enhancement of 3-4 times (14 km) is achieved with

the EScat due to the poorer spatial accuracy of these measurements and the uncertain

individual pulse locations. It is apparent in subsequent image examples that there are periods

and geographic locations where insufficient EScat data are collected for A values to be

generated: these appear as black pixels in the images. The resulting medium-scale images

nonetheless have significant application to sea-ice geophysical studies and examples are

illustrated in the following sections

Southern Ocean Sea Ice Mapping

The capability of the SIRF algorithm to produce images of the sea-ice characteristics around

the whole Antarctic Continent is demonstrated in Figures 1 and 2. Figure 1 is an image of the

sea-ice at nearly the minimum ice extent, during the first week of February 1992 (Julian Days

32-39). Figure 2 shows the contrasting situation near maximum ice extent at the end of

September (Julian Days 272-278). Each sea-ice map is illustrated as the normalised incidence

angle value A of radar backscatter at 400. Both Figures indicate the smoothly varying isotropic

returns from the sea ice relative to the highly variable and anisotropic returns of the ocean

beyond the sea ice margin around Antarctica (due to backscattenng from wind-generated

waves). The residuai Antarctic sea-ice cover in the Amundsen, Bellingshausen and Weddell

Seas is clearly matked in Figure 1 as bright patches extending northwards from the Antarctic

coast. Figure 2 clearly shows the regions of greatest ice extent during winter with the lower

mean A vaiues of winter sea-ice evident. Note the contrastingly greater structure observed

within this extensive sea ice cover with particularly strong swirls and bands observed in the

backscatter values of the Weddell Sea.

The C-band backscatter at this incidence angle largely reflects the salinity and roughness of

the sea ice (Drinkwater, 1989; Drinkwater et al, 1993). Both of these”sea-ice geophysical

propetiies are reiated to the age of the sea ice and its history of deformation throughout a

single ice season. Another factor may be snow depth, which is also related to the age of the

ice since formation. Summer A values in Fig. 1 reach -10 dB owing to predominantly rough
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surface scattering from ice floes during wet surface conditions. In contrast, the mean winter A

values in Fig. 2 decrease, as a higher salinity first-year ice cover grows rapidly to latitudes noth

of 60° S near the Greenwich meridian. Samples of the Weddell Sea A values from the winter

ice cover indicate atypical variation of C-band backscatter between -5 and -20 dB. This range

in values is reflective of the structure and variability in the sea-ice cover of this region

(Dnnkwater et al, 1993). One further feature of Fig. 2 is the bright fringe clearly observed in the

Pacific sector around the marginal sea-ice zone. Similar high backscatter values were

measured in the Weddell Sea in June with a scatterometer, during the Winter Weddell Gyre

Study and it is suggested these returns correspond with pancake ice formation during high

wave activity at the pack ice edge.

Time-Series and Regionai Sea-ice Dynamics

Time-series maps of the Southern Ocean area primary application of the SIRF imaging

technique. SAR can retrieve only limited spatial and temporal coverage of dynamic

phenomena observed in response to ocean and atmosphere forcing. The scale of coverage

offered by the EScat is sufficient to monitor these processes and to place the 25 m resolution

100 km x 100 km SAR images in the context of basin-scale ice conditions.

Sea-ice ad antev in the Weddell Sea durina the austral winter 1992

A regional time-series is shown in Fig. 3 to illustrate the power of this imaging technique.

Weekly A images are generated at 21 day intervals from the first week in February (Julian

Days 32-39) in Fig. 3a through the first week in July (Julian Days 188-204) in Fig. 3h, Figure 3

shows that minimum ice extent occurs at the end of February, then indicates how the ice edge

advances rapidly north-eastwards by thermodynamic ice growth during the onset of austral

winter. As the Weddell Sea becomes ice-bound, wind- and current-driven ice motion carries

some of the large units of relatively high backscatter sea-ice away from their origins along the

coastal and ice shelf margins.

Of further note in Figure 3 are two polynya regions of relatively low ice concentration which

appear in the early series (in Fig, 3a) as two low backscatter areas in the southern and south-

eastern Weddell Sea. The latter is near enough the sea-ice margin that it becomes captured in .

the sea-ice retreat by the end of February, 1992 (Fig. 3b). Nevertheless, as the ice margin

advances these relatively low backscatter areas reappear and become source regions for low

backscatter ice. This low backscatter ice is transported away from these locations as it

becomes entrained and advected north-westwards in the motion of the Weddell Gyre

circulation.
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Comparison of SASS and EScat
.

Weddell Sea imaaes

A brief comparison is made hereof the austral winter patterns of backscatter which developed

in response to basin wide sea-ice dynamics in 1978 and 1992. Data are used from 1978

Seasat SASS to produce A images illustrated in Fig. 4. Comparative EScat A images are

produced for the identical periods of 1992 and shown in Fig. 5. Figure 4 images were derived

from Seasat SASS data for selected one week periods during the 3 months of successful

Seasat operation and indicate the backscatter observed by a Ku-band instrument. Figure 5

image panels extend the C-band backscatter time series shown in Figure 3.

Weekly averaged images shown in Figures 4 and 5 show month to month transitions in sea-ice

characteristics in response to the circulation pattern of the Weddell Gyre. These indicate the

situation for the last week in the months of (a) July; (b) August; and (c) September in 1978 and

1992, respectively. Gndded image data shown in Fig. 4 have a higher spatial resolution than

the enhanced Escat data shown in Fig. 5. This enables several large icebergs to be tracked in

Fig. 4, such asthe super-berg Trolltunga seen in Fig. 4Cas a large bright object following the

dark band in the southern central Weddell Sea. Though the -6 km resolution achieved from

Seasat SASS data is relatively high, A images in Figure 4 have a large number of pixels where

values of A could not be estimated (indicated as black pixels). Comparison of the SASS data in

Figure 4 and EScat data in Fig. 5 shows a spatial pattern of backscatter in 1978 which is

almost identical to that 1992. The images not only indicate some consistency in the imaging

and resolution enhancement technique, but also in the inter-annual patterns of sea-ice

circulation in the Weddell Gyre.

b dvnam= a d obse
.

n rved Datterns of backscatter

EScat backscatter images shown in Figures 3 and 5 indicate patterns which reflect the main

winter areas of ice divergence (sources for sea-ice formation) and the main areas of

convergent ice (deformation and thickening regions) in the Weddell Sea. Regions with

relatively low backscatter appear to be thinner undeformed ice in contrast to the bright

backscatter areas to the west of the Antarctic peninsula, along the eastern flank of the northern

tip of the Antarctic peninsula, and along the margin of the Filchner-Ronne ice shelf (near

Berkner Island). The major source of low backscatter ice appears to be the southern Weddell

Sea, along the flank of the Filchner and Ronne ice shelves. Predominantly northward

advection of sea ice, together with some vorticity introduced by the circulation within the

Weddell Gyre acts to wind these low backscatter ice features in a clockwise direction and

extend them toward the north east.

Features observed in Figure 5 can be explained with the synergy provided by overlapping SAR
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images and with complimentary surface measurements. Figure 5(a) indicates a number of orbit

swaths along which SAR data were recorded during the imaging period indicated in 5(b). An

example from Orbit 5349 is shown in Figure 6 for a swath across some of the features in the

central Gyre. This transect shows a descending orbit first crossing relatively low concentration

ice with large conglomerate floes of up to 20 km diameter in the northern marginal ice zone.

Open water between these ice floes appears extremely bfight due to the high wind speeds.

Moving southward into more compact ice, floes become consolidated with relatively uniform

low backscatter floe units of up to 50 km diameter. In the central strip of Figure 6, the SAR

crosses the narrow dark band associated with the northernmost north-east south-west oriented

dark finger in the EScat A image of Fig. 5a. The SAR confirms this ice to be undeformed ice

with little ridging. Of note, however is the bright shear zone bounding the northern edge of this

narrow band, and the relatively high backscatter sea-ice floe conglomerates (up to 10 km

diameter) to the south, corresponding with the isolated bright patch in the centre of the Weddell

Sea.

Figure 7 is a composite showing two SAR strips acquired in the north-western Weddell Sea,

near the tip of the Antarctic peninsula. These two ascending orbit strips are indicated in Fig. 5a

as Orbits 5273 and 5359, and cross the margin between the relatively high backscatter ice

along the east coast of the peninsula and low backscatter younger ice extending all the way

southwards into the south-western corner of the Weddell Sea. The two strips shown in Figure 7

clearly show the northernmost finger of relatively low backscatter ice which traces the path of

the most rapid sea-ice drift along the edge of the continental shelf-break. High backscatter sea

ice floes are confirmed to be areas of relatively thick or deformed sea ice. It is suggested this

bright region is the last of the residual second-year ice being advected out of the Weddell Sea.

Buoy drift studies undertaken during 1992, together with results from a drifting ice station (see

Fig. 9), confirm that the mean rate of northwards drift (-1 Okm/d) successfully accounts for the

northward translation of this southern boundary of older ice to this position in early July in Fig.

5 (a).

Moving to the southern part of the Weddell Sea, a strip of SAR data from Orbit 5274 (see Fig.

5a) shows ice conditions along the fringe of the ice shelf. Figure 4 shows a particularly bright

stationary area of sea ice abutting the Filchner-Ronne ice shelf edge, in the vicinity of Berkner

Island. This ice at the western (bottom) end of the strip in Figure 8 appears to be trapped by a

field of small grounded icebergs and has become well deformed. To the north (out of this

swath) is a further series of vast icebergs; A22, A23A and A23B (as documented by the U.S.

Navy/NOAA Joint Ice Center) which further delimit the western extent of the highly deformed

ice. Adjacent to the compressed ice field is an extensive polynya system with relatively thinner
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ice. Backscatter signatures indicate a repeated series of ice growth events mirroring the ice

shelf shape. These features show polynya formation events to have a remarkable periodicity

and regularity with the likely formation mechanism being strong katabatic winds which blow off

the ice shelf. As each pulse of winds advects the recently formed sea ice away from the ice

shelf margin, the large polynya system remains a major source region for new sea ice in its

wake. As the Gyre motion carries ice out into the Antarctic Circumpolar Current, the conveyor-

belt carrying these thin ice forms northwards continually renews the large low backscatter area

in the southern Weddell Sea (see Fig. 3 and 5b).

Figure 9 shows a typical winter synoptic 10m sudace wind situation on 23 July (JD 205), from

European Center for Medium Range Weather Forecasting (ECMWF) analysis fields (courtesy

of Jim Maslanik, NCAR). Figure 9 also shows the drift track of the U.S./Russian Ice Station

Weddell (lSW) as a dotted line, and the track followed by the R/V Polarstern during the Winter

Weddell Gyre Study in 1992 (see Dnnkwater et al., 1993). This typical July synoptic (austral

winter) situation shows light southerly winds in the southern and central Weddell Sea and

strong July winds from the west north of 65oS. Surface wind speeds (at 10m height) of around

15 m/s were measured at 12:00 Z on board the research vessel Polarstern at the site shown

on July 23, 1992 (Fig. 9) which correspond well with the analysis field speeds. These winds,

and the surface currents, drive ice from the southern part of the Weddell Sea first to the north.

Then at around 65% the stronger westerly winds coupled with the ocean currents (steered by

bottom topography) turn the ice abruptly towards the northeast. The ice rapidly exits the basin

to become entrained in the Antarctic Circumpolar Current, whereupon it starts to melt.

In the region between the tip of the Antarctic peninsula and the South Orkney Islands, old ice

which survived the summer is evacuated from the Weddell basin. This outflow of relatively

thick second-year ice was observed during ice thickness measurements along the Polarstern

transect. Figure 10 shows an interpolated profile fitted to mean snow and ice depths measured

on undeformed ice floes along the track of Polarstern, shown in Fig. 9 between A (July 7,

1992) and D (July 29, 1992). Figure 10 clearly shows a smaller mean ice thickness and snow

depth in the Eastern Weddell Sea in July (between 1400 and 2600 km). Mean snow depths

between Oand 20 cm are typical while the ice thickness range of 50 to 80cm is consistent with

typical mean thermodynamic growth over a period of six months. Old ice first appears as the

thick pulse in the profile between B and C along the transect in Fig. 10. This ice exceeding 2m

thick represents the tongue of high backscatter material which winds its way northwards in Fig.

2, Fig. 3h and Fig. 5 from the deformed area of ice near the Ronne-Filchner ice shelf (in Fig.

7). It ultimately exits the Weddell Sea just south of the South Orkney Islands drifting towards

the north east. A second region of thick ice was observed at D, at the westernmost end of the
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transect in Fig. 9. This ice is most likely a combination of outflow from the Bellingshausen Sea

(to the west of the Antarctic peninsula) and ice escaping between the tip of the peninsula and

the South Orlmeys. An extremely deep snow cover and slightly smaller mean ice thickness

characterised the old ice in these locations.

Conclusions

The approach discussed here for generating weekly ERS-1 sea ice images for the entire

northern or southern hemisphere provides a valuable supplement to the spatially and

temporally sparse higher resolution SAR images. A relative improvement in the spatial

accuracy and knowledge of the individual pulse locations within the scatterometer products

would further improve the spatial and temporal resolution of these products and enable a

doubling of the current resolution achieved in this paper. This would be significant in terms of

feature tracking within the Antarctic ice cover, enabling tracking of sea-ice in addition to

monitoring the regional dynamics.

The main bonus of these EScat image data is (1) the frequent coverage; (2) and the multiple

incidence angle observations which the technique provides. While the multiple incidence angle

capability is not investigated here, the images of backscatter normalised to 40° incidence show

a remarkable capability for monitoring basin-wide processes. Together with SAR, these

medium-scale C-band backscatter images are the perfect tool for monitoring the complete

Southern Ocean Sea ice cover on a weekly basis. While operating at a different frequency and

with a slightly higher resolution than passive microwave imagers (e.g. SSM/i) these data will

prove extremely powerful when used in conjunction with passive microwave images of the

Antarctic ice cover. Additionally, time-series images are demonstrated to be of great value in

understanding sea-ice dynamics in the Weddell Sea. When combined with surface

observations from buoys and shipborne campaigns these data help to clarify the processes of

ice formation and decay in response to climatic and oceanographic forcing.

A further application of these data which can be examined in greater detail is the capability for

mapping the Antarctic Ice Sheet. Seasonal and Interannual mapping of the extent of surface

melting and snow accumulation will be mapped in a similar manner to that by Long and

Drinkwater (1993) on the Greenland Ice Sheet. When coupled with the radar altimeter

measurements these information will provide valuable indications of the change in regional

mass balance in response to climate.
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Figures

Figure 1. Reconstructed ERS-1 AMI Scatterometer 14 km resolution A image of the Antarctic
sea ice extent in the austral summer (l-7 Feb., 1992).

Figure 2. Reconstructed ERS-1 AMI Scatterometer 14 km resolution A image of the Antarctic
sea ice near maximum ice extent (28 Sept. -4 Oct., 1992).

Figure 3. Weddell Sea time-series of weekly EScat A images, illustrating evolving backscatter
characteristics of the sea-ice cover from minimum to maximum ice extent in 1992, The Julian
Day periods illustrated are; (a) 32-38; (b) 53-59; (c) 74-80; (d) 104-110; (e) 125-131; (f) 146-
152; (g) 167-173; (h) 188-194. Coastlines and ice shelves are indicated by a thin white line
while the sea-ice margin is identified by a thick line.

Figure 4. Seven-day A images of Weddell Sea ice characteristics from Seasat SASS data
from the last week of the months of (a) July (Julian Days 204-21O); (b) August (JD 234-240);
and (c) September (JD 270-276), in 1978. The images are shown on an equal-area Lamberl
projection with a longitudinal extent from -90° to 0° W and latitudinal extent from -80° to -55°S.

Figure 5. Comparative weekly A images of sea-ice characteristics from the ERS-1 EScat data
for identical periods as Fig. 4. Panel (a) shows a number of SAR image swaths used to
illustrate the ice conditions. The remaining panels show the last week in the months of (b) July
(JD 204-21 O); (c) August (JD 234-240); and (d) September (JD 270-276), 1992.

Figure 6. ERS-1 SAR Antarctic Quick-Look (SAR.AQL) 100 m resolution image strip (0 ESA
1992) from Orbit 5349 in Fig. 4 illustrating the variations in ice conditions along a 1941 km
transect crossing the central Weddell Sea. This image was produced by the German PAF
(courtesy of Jdrg Gredel - DLR).

Figure 7. Pair of ERS-1 SAR Antarctic Quick-Look (SAR.AQL) images (c3 ESA 1992) from
Orbits 5273 (acquired 19 July, 1992) and 5359 (25 July, 1992) across the tip of the Antarctic
peninsula; produced by the German PAF (courtesy of J&g Gredel - DLR).

Figure 8. ERS-1 SAR Antarctic Quick-Look (SAR.AQL) 100 m resolution image strip (0 ESA
1992) from Orbit 5274 (acquired 19 July, 1992) in Fig. 4 illustrating sea-ice conditions along a
615 km transect fringing the Filchner-Ronne ice shelf, This image was produced by the
German PAF (courtesy of Jth’g Gredel - DLR).

Figure 9. ECMWF analysis wind field for 12:00 Z on 23 July, 1992 (JD 205), and
corresponding with the synoptic situation during imaging of Figure 4b. The tracks of an
Antarctic drifting ice camp and the ice breaker Polarstern are indicated.

Figure 10. Snow and ice depth measurements made during the Winter Weddell Gyre Study.
Each curve is interpolated to mean ice core and snow depth measurement points made along
the track of RN Polarstern. Four key locations; A, B, C, and D are identified along the profile
which correspond with the measurement sites identified in Fig. 9.
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